S23 ences in the conversion rates of the d and I isomeric forms. The initial half-life representing the conversion rate of the I form was 1.7 min in blood and 1.4 min in plasma, while the conversion half-life of the d form was 7.4 and 24.4 min, respectively. In vivo, the RCP of arte rial blood sampled after an i. v. bolus injection showed an initial peak value of 75% (68-79%) during the initial, first passage of the bolus. It declined to approximately 35% (29--40%) after 1.5 min and reached very low levels (about 1 %) at 6 to 10 min. Quantitative measurements of cerebral blood flow using [99mTc]-d,I-HM-PAO necessitates a rapid method for RCP determination in arterial blood such as the one described here. Key Words: [99mTc]_ d, I-HM -P AO-Radiochemical purity-Lipophilicity Octanol extraction.
Summary:
The in vitro conversion of the lipophilic mol ecule [99mTc]-d,l-hexamethylpropyleneamine oxime ([99mTc]-d,I-HM-PAO) to a hydrophilic form was studied in saline, plasma, and blood at 37°C by paper chromatog raphy and by octanol extraction. The octanol:saline ratio was 79.9. From this value and the corresponding octanol: plasma and octanol:blood partitioning values, an estimate of the transport of the lipophilic compound by various components of blood was made: 20% is carried in hemo globin, 53% by the plasma proteins and 27% by the water phases of the red blood cell and plasma. Octanol extrac tion provided a rapid method for measuring the radio chemical purity (RCP) of lipophilic [99mTc ]-d, 1-HM -P AO. In saline, the RCP declined with a half-life of more than 1 h. In human plasma and whole blood, the conversion of [99mTc]-d,I-HM-PAO was biexponential due to the differd,l-Hexamethylpropyleneamine oxime (d,l HM-PAO) chelated with technetium-99m has been developed as a tracer for measuring regional cere bral blood flow (CBF) in humans by single photon emission computed tomography (SPECT) (Ell et ai., 1985; N eirinckx et a1. , 1987; Volkert et a1., 1984; Sharp et a1. , 1985) . The complex ([99mTc]_ d,l-HM-PAO) is lipophilic and diffuses across cel lular membranes, including the blood-brain barrier, and can thus enter the brain. When mixed with bi ological materials, [99mTc]-d,I-HM-PAO rapidly converts to hydrophilic forms. This conversion is probably the basis for the prolonged retention in the brain. If this trapping is proportional to local blood flow, then [99mTc]-d,I-HM-PAO might function as a "chemical microsphere" (Andersen et a1. , 1988a) . For quantitative measurements of CBF by this ap-proach, the arterial activity of the parent lipophilic complex ([99mTc]-d,I-HM-PAO) has to be known. This assessment is complicated by the rapid con version of the complex in the blood, a process that continues in the test tube after arterial blood has been sampled.
The aim of the present study was to develop a sufficiently rapid and reliable assay method for de termining the arterial blood activity of lipophilic [99mTc]-d,I-HM-PAO complex and thus the input function to the organs of the body. The method is based on rapid octanol extraction in a sequence of arterial blood samples.
MATERIAL AND METHODS

The tracer
The [99mTc ]-d, 1-HM -P AO complex (molecular weight of 384) was produced by mixing 5 ml fresh (less than 2 h old) eluent of [99mTc]-pertechnetate (1.11 GBq) obtained from a standard generator in daily use to 0.5 mg of freeze-dried d,l-HM-PAO in commercially supplied vials (Amersham International, London, England). The isolated I isomeric and d isomeric forms were kindly supplied in the same formulation by the manufacturers.
Measurements of the radiochemical purity (RCP)
There are four different radiochemical components in the reconstituted vials. Besides the primary, lipophilic [99mTc]-d,I-HM-PAO complex (L), three impurities are seen: secondary, hydrophilic d,l-HM-PAO (H), pertech netate (P), and reduced, hydrolyzed 99mTc (R) (Neirinckx et aI., 1987) . The RCP is defined as the percentage of total radioactivity being in the L form in a given sample.
RCP by chromatography
A slight modification of the technique described by Neirinckx et al. (1987) was used. Test samples of saline, plasma, or blood (about 20 fl.l) were applied by a gauge needle approximately 2 cm from the bottom of two Gel man ITLC/SG (Gelman Sciences, Inc., Ann Arbor, MI, U.S.A.) strips (2.5 x 20 cm) and one Whatman No. 1 paper strip (2.5 x 30 cm). The strips were immediately placed in ascending development tanks containing fresh solvent in a 1 cm deep layer. The two Gelman ITLC/SG strips were run in butanone (system 1) and 0.9% aqueous sodium chloride (system 2) and the Whatman No. 1 paper strip in 50% aqueous acetonitrile (system 3). After a 15 cm elution, the strips were removed and solvent fronts marked. Four components could be identified on the strips as described by Neirinckx et al. (1987) , and the proportion of each of the four components can be calcu lated in the following way.
In system 1 (butanone), components H and R remain at the origin and the initial 30% of the developed strip (Rr = o to 0.3), whereas L and P run with the solvent front (Rr = 0.9 to 1.0); in system 2 (NaCI), components L, H, and R remain at the origin, and P migrates with the solvent front; in system 3 (acetonitrile), R remains at the origin whereas the three other components migrate with the sol vent front. The percentage of the four components can consequently be calculated: L% (the RCP) is determined from systems 1 and 2, H% is determined from systems 1 and 3, P% is determined from system 2, and R% is deter mined from system 3.
In our first 30 studies, the distribution of radioactivity on the dried strips was determined using a 'Y scintillation scanner. In all subsequent studies, we separated the peak by cutting the strips into two parts for individual counting in a well-type counter, cutting at Rr = 0.33 cm in systems 1 and 3 and at Rr = 0.66 in system 2. This constitutes the modification of the procedure of Neirinckx et al. (1987) alluded to above.
RCP by octanol extraction
The octanol extraction technique One milliliter of saline, human plasma, or blood con taining [99mTc]-d,l-HM-PAO and the impurities men tioned (in an unknown ratio of the four components) was pipetted into a glass vial containing 2 ml of octanol and the mixture was immediately shaken vigorously by hand for 2 min. After spontaneous separation of the two phases, 400 fl.l of the octanol phase was transferred into a clean glass vial using an automatic pipette equipped with a disposable pipette tip. This vial and the vial containing the remaining 2.6 ml of the biphasic system were counted J Cereb Blood Flow Metab, Vol. 8, Suppl. 1, 1988 in a well counter. The difference in sample size was found not to affect the count rate.
After correcting for background and decay, the count ing rate of 1 ml of octanol (0) and that of 1 ml of the aqueous medium (A) (saline, plasma, or blood) could be calculated as well as their octanol-aqueous medium par tition coefficient (OIA).
The octanol partition coefficients of the four components
To calculate RCP from the octanol extraction results, the partitioning of the four radioactive constituents be tween octanol and aqueous medium had to be known. This was determined for each of the four components obtained in purified form in the following way.
L, the lipophilic complex, was purified by mixing 1 ml of freshly prepared [99mTc]-d,l-HM-PAO with 4 ml of octanol. The octanol phase was "washed" three times with 1 ml of 0.9% saline to extract the three hydrophilic components (H, P, and R) from the octanol. Then 2 ml of the octanol was mixed with 1 ml of one of the aqueous media and the partition coefficients determined as de scribed above.
H, the hydrophilic [99mTc]-d,l-HM-PAO complex was obtained by mixing 5 fl.l of the tracer with 5 ml saline, plasma, or blood containing 4 mg of reduced glutathione. Paper chromatography after 5 min showed complete ab sence of the lipophilic form L. Therefore, after incubation for at least 5 min, the octanol partition coefficient was determined. P, pertechnetate, was obtained directly from a genera tor that had been eluted less than 6 h previously to min imize the amount of radiochemical impurities. Five mi croliters of P was admixed to 5 ml of aqueous medium (saline, plasma, or blood) and the octanol partition coef ficients determined.
R, reduced hydrolyzed Tc, was produced by adding 50 fl.g of stannous chloride to I ml of pertechnetate. Chro matographic measurements after 5 min showed that all pertechnetate was reduced. Five microliters of R was mixed with 5 ml of aqueous medium and the octanol par tition coefficient determined.
Calculation of RCP
The RCP = L% was calculated from a sample contain ing an unknown mixture of the four components L, H, P, and R using the following equation, which is derived in Appendix I:
where C is the percent content of P + R as measured by paper chromatography in the reconstituted vial shortly after the 99mTc admixture. X and Yare the octanol: aqueous phase partition coefficients of lipophilic and hy drophilic HM-PAO, respectively, obtained from Table 1 . A * is the counting rate of phase A corrected for P and R. It is calculated from the equation A * = A -C (2 . a + A), where a and A are the measured radioactivity con centrations per ml in the 2 ml of octanol and the 1 ml aqueous phases, respectively, which are mixed in each sample. For blood, the operational equation for RCP calcula tion becomes RCP = (100 -C)60.6/{60.6 + 1.0194 [(29.8 -OIA*)/(OIA* -0.0097)]} (2) using X = 29.8 and Y = 0.0097 (Table l) . Corresponding equations for plasma and saline and the details of the calculation are described in Appendix I.
RCP by octanol extraction compared to paper chromatography
Whole blood was drawn from the cubital vein of normal volunteers (hematocrit of 0.42-0.48) using citrate as an anticoagulant. Twenty milliliters of blood, plasma, or sa line (0.9% NaCO were incubated separately for 20 min in open vials at 37°C.
Ten microliters of freshly prepared e9mTc]-d, l-HM PAO solution was added to each incubate after having been analyzed for RCP by chromatography and octanol extraction. Using continuous stirring throughout the study, 1 ml samples were collected for chromatography and octanol extraction following a set time schedule. The chromatography strips were immediately processed and the octanol vials shaken for 2 min as soon as the incubate had been added. Samples were collected after 0.2, 1,3,5, 10, 15,20, and 30 min. Eight experiments were performed for each medium used (saline, plasma, and blood). All values were measured in duplicate.
Assessment of the arterial input fu nction
The arterial input function to the brain was estimated by blood sampling from the radial artery in eight human subjects. Forty 1 ml samples were obtained at 3 s inter vals using a sampling machine; sampling was begun 10 s after injection of 1 GBq [99mTc]-d,l-HM-PAO in 8 ml sa line in the contralateral cubital vein. Further 1 ml arterial samples were drawn manually at 3, 4, 6, 8, 10, and 15 min and, in four instances, at 30, 60, and 180 min. The sam ples were placed directly into small, freshly heparinized glass vials containing 2 ml of octanol, and the vials were immediately shaken for 2 min and analyzed as described below. Paper chromatography was performed on samples obtained 10, 60, and 180 min after injection. 
RESULTS
RCP measured in vitro
Analysis of the chromatographic scans obtained in the first 30 studies showed two well-defined ac tivity peaks in all cases. These peaks represented the four constituents of the [99mTc]-d,I-HM-PAO mixture in saline, plasma, and blood. They were completely separated at Rf = 0. 33 in systems 1 and 3 and at Rf = 0. 66 in system 3. The octanol partition coefficients for L, P, H, and R in blood, plasma, and saline are presented in Table 1 . An octanoll water ratio ("p" ) of 80 was found for L in saline (i.e., log p = 1.9). The corresponding "p" value for the hydrophilic form (H) is 0. 009 (log p = -2.0).
Chromatography and octanol extraction both showed that the lipophilic tracer [99mTc]_d,l_ HM-PAO disappeared with time in the three aque ous media studied with a complementary rise in the hydrophilic complex H. In saline, the RCP de creased slowly, whereas it decreased more rapidly in plasma and blood ( Fig. O. A comparison of the RCP determined simulta neously by chromatography and octanol extraction showed almost the same time course for the disap pearance of lipophilic [99mTc]-d,I-HM-PAO in vitro. However, the RCP values determined by chromatography were somewhat lower in blood at high RCP values (Fig. 2) . Using all values, the two sets of measurements exhibited a correlation coef ficient of 0. 98 (p < 0. 001). . Ninety-five percent confi dence limits are indicated. The overall correlation is given by r = 0.98, P < 0.001. RCP oct = 1.08 RCP c hr om + 1.44, n = 16.
The line of identity is shown.
The time course of the conversion of [99mTc]_ d,I-HM-PAO from the lipophilic to the hydrophilic form measured by rapid octanol extraction is shown in Figs. 3a and 3b . The Rep (L%) declined biexpo nentially in both blood and plasma. The chromato graphic data showed practically the same time course.
In blood, the biexponential configuration showed an average initial half-life of about 1.7 min and a slow component with a tl/2 = 7.4 min. In plasma, we observed an initial decrease with a half-life of 1.4 min and a late monoexponential curve with a half life of 24.4 min. The saline curve (control) showed no significant decrease in Rep during the 30 min incubation ( Fig. O. The biexponential character of the curves could be shown to represent the I and d isomeric forms of lipophilic [99mTc]_HM_PAO converting with differ ent half-lives ( Figs. 3c and 3d ). Using the isolated I isomeric form, a half-life of conversion of 2 min (blood) and 1.8 min (plasma) was found. Regarding the d isomeric HM-PAO, conversion half-lives of 8 min (blood) and 28.5 min (plasma) were observed.
Rep measured in vivo
The arterial activity curve for total radioactivity as well as the lipophilic fraction is presented in Fig.  4 for a representative patient.
For eight patients, the median and range of the lipophilic fraction was calculated after correcting for differences in the time lag from injection to ar-J Cereb Blood Flow Metab, Vol. 8, Suppl. 1, 1988 rival of the peak. With an average Rep of 90% for the injectate, the arterial lipophilic counts were, in percent of total initial activity, 75% (66-76%) at the peak observed at 28-34 s postinjection, 23% (19-40%) at 15 s after the peak, 15% (9-23%) at 30 s after the peak, 6% (5-12%) at 60 s after the peak, and 2% (0-4%) at 5 min following the peak. The lipophilic component reached 1% at about 8 to 10 min. The Rep of these blood samples showed an initial peak value of 75% (68-79%) during the initial, first passage of the bolus. It declined to approxi mately 35% (29-40%) after 1.5 min and reached very low levels (about 1%) at 6 to 10 min.
After 1 and 3 h, when total count rate had de creased to a few percent of the peak value of the total blood counts, 60% (range of 58-64%) was lo cated in the red blood cells, and 40% (range of 36-42%) was in the plasma (n = 6). Paper chro matographic assessment of the constituents in whole blood indicated that about 1-2% was li pophilic [99mTc]-d,l-HM-PAO, 96% hydrophilic [99mTc]-d,l-HM-PAO, while pertechnetate and re duced, hydrolyzed 99mTc taken together accounted for the remaining 2 to 3%. These two contaminants also remained at similar low fractional concentra tions during the first 20 min of the in vivo experi ment.
DISCUSSION
The high octanol:water partition coefficient "p" obtained for the lipophilic [99mTc]_d,I_HM_PAO is in agreement with the results obtained by Neirinckx et al. (1987) . U sing high pressure liquid chromatog raphy, they estimated the log p value for the pri mary complex (L) to be 1.2 and that of the second ary complex (H) considerably below zero. On the basis of a log p of 1.9 and a molecular weight of 384, the permeability of brain capillaries with respect to lipophilic [99mTc]-d,I-HM-PAO would be expected to be high (Dischino et ai., 1983; Fenstermacher and Rapoport, 1984; Levin, 1980; Andersen et aI., 1988b) .
The general validity of the octanol partition method for the Rep determination is evident from the agreement with the chromatographic data. One cannot state a priori which of the two approaches is the more reliable. The problems associated with the conversion of lipophilic [99mTc]-d,I-HM-PAO to hydrophilic forms during the assay procedure are probably more serious with paper chromatography than with octanol extraction due to continued con version on the paper strips, particularly for whole blood. This is suggested by the deviation of the results obtained by the two methods at high Rep values (Fig. 2) . Therefore, the octanol method is preferable for the determination of RCP of [99mTc]-d,I-HM-PAO both in vitro and in vivo be cause it rapidly separates the lipophilic components from the aqueous medium. By this method, the con version is rapidly arrested and a reliable estimate of RCP can be obtained at the time of sampling. We observed that the conversion from the parent lipophilic [99mTcl-d,I-HM-PAO to radiolabeled hy drophilic compounds in human blood and plasma had a biexponential course. The two monoexponen tial components had almost the same rate constants as the curves obtained using isolated d and I iso meric HM-PAO compounds separately. The con version of the d isomeric HM-PAO constituted the slower part and the conversion of the I isomeric HM-PAO constituted the faster part of the conver sion of the racemic e9mTc]-d,I-HM-PAO mixture (Figs. 3a and 3c) . The mono exponential disappear ance curves of the pure d and I forms also suggest that the conversion process is irreversible. The pos sible benefit of using one of the isolated monoiso meric HM-PAO compounds for CBF studies (or cell labeling) is still unexplored. The conversion was faster in whole blood than in plasma. This suggests that the still unknown sub stance(s) that is (are) responsible for the conversion is in higher concentration inside the red cells than in plasma. Reduced glutathione (GSH) has been pro posed as the rate-limiting reactant for this conver sion and GSH concentration is considerably higher within cells than in extracellular fluids such as plasma. Our results are also in agreement with the proposal of Neirinckx et al. (1988) . Rats have a high blood content of glutathione (Altman et al., 1974) and we found a faster conversion rate in rat blood using the same method as described above for hu man blood (data not shown).
The transport of [99ffiTc]-d,I-HM-PAO by various components of blood can be analyzed from the oc tanol partitioning data. The "binding" of the ra diolabeled complex to plasma proteins and red cell hemoglobin was estimated using the data in Table 1 as described in Appendix II. This analysis suggests that lipophilic [99ffiTc]-d,I-HM-PAO is mainly dis solved and transported in the plasma proteins (53%) and in red cell hemoglobin (20%) with the remaining fraction (27%) in the water phase of blood. We sug gest that this ratio reflects the partitioning charac-J Cereb Blood Flow Metab, Vol. 8, Suppl. 1, 1988 teristics of the HM-PAO molecule between the aqueous phase of blood and these proteins. The par titioning to blood elements is, however, a fairly rap idly reversible process, which allows the radiola beled components to separate on chromatography and also allows the lipophilic e9ffiTc]-d,I-HM-PAO to be accessible for rapid diffusion across the blood-brain barrier. This is evident since the single pass extraction can reach values of 70 to 80% at normal blood flow (Andersen et aI., 1988b) . It also explains why the extraction of lipophilic [99ffiTcl_ d,l-HM-PAO decreased in these intracarotid bolus experiments when the fractional protein content of the bolus was increased (Andersen et aI., 1988b) .
The in vivo arterial curve for total radioactivity and that for the lipophilic component obtained by correction for the RCP differ markedly from one another (Fig. 5) . The RCP corrected curve must be used if one attempts to calculate cerebral blood flow quantitatively because an accurate measurement of the tracer's input curve is essential. This is more clearly seen in Fig. 5 , showing the integrated counts over 10 min for total blood activity and the li pophilic [99ffiTc]-d,I-HM-PAO. The use of the total activity curve leads to an overestimation of the cu- mulative input by a factor of 2 to 2.5 relative to that of the cumulative input of lipophilic d,l-HM-PAO alone.
The rapid conversion of the lipophilic [99mTc]_d,l_ HM-PAO to a hydrophilic form described above is probably responsible for the trapping of radioactiv ity inside the blood and brain cells. The rapidity of this conversion makes the assessment of the arterial lipophilic activity difficult. The time involved in both blood sampling and sample analysis has to be short since the conversion process continues in the test tube after the sample has been collected. The rapid conversion process is, however, not an insur mountable obstacle because the arterial concentra tion of lipophilic [99mTc]-d,I-HM-PAO can be quickly measured by rapid octanol extraction.
APPENDIX I
Calculation of RCP using rapid octanol extraction
Rep, defined as the percent of total activity being in the lipophilic form of [99mTc]-d,I-HM-PAO, was calculated from aqueous samples containing an un known mixture of lipophilic HM-PAO (L), hydro philic HM-PAO (H), pertechnetate (P), and re duced, hydrolyzed 99mTc (R). In all runs, the P% and R% were determined chromatographically on the original reconstituted vial of [99mTc]_d,l_ HM-PAO. Repeated chromatographic studies showed that these two contaminants, P and R, re main constant with time in an amount P + R not exceeding 5%. Therefore, since they are almost in-soluble in octanol (see Table 1 ), the correction is performed by subtracting P + R from the aqueous phase alone, obtaining A *. That is the counting rate of phase A corrected for P and R: A * = A -C(2 . o + A), where 0 and A are the radioactivity con centrations per ml in the 2 ml of octanol and the 1 ml aqueous phases, respectively, and C is the frac tional content of P + R.
After this correction, the system only contains two components, L and H. Denoting their respec tive concentrations in the octanol phase OL and OH and those in the aqueous phase by AL and A H yields OIA * = (OL + OH)/(AL + AH). Using the experi mentally found values for 0LIAL = X and OHIAH = Y (see Table 1 For each experiment, the counting rate of the oc tanol phase (0) and of the aqueous phase (A ) is measured for every sample and the corresponding O/A * ratios are determined. Then the RCP is calcu lated by Eq. (A2), (A3), or (A4) depending on the medium studied. The C value (the fractional count rate of P + R) is only measured in the reconstituted vial shortly after the 99mTc admixture since it did not change over time while L decreased and H in creased.
APPENDIX II
The partition coefficient of plasma (P: W) relative to saline (water) was calculated from the O:P and O:W ratios determined experimentally ( Table 1) . With an O:W of 80 and an O:P of 21, a P:W of 3.8 is obtained. To find the plasma protein:plasma wa ter partition coefficient Y/W, the following equation can be solved setting W = 1 and the fraction of protein in plasma = 0.07: since P/W = 0.07Y/W + 0.93W/W = 3.8, then Y/W = 41. Inserting Y/W = 41 in the left-hand side of the equation, it becomes 2.87 + 0.93, indicating that 76% of all lipophilic counts in a plasma sample is contained in the plasma proteins and 24% in the water phase proper.
The whole blood-to-water partition coefficient of lipophilic [ 99 mTc]-d,I-HM-PAO is calculated in the same way, obtaining B:W = 3.2 (divide O:B and O:W from Table 1 ). The hemoglobin-water parti tion coefficient V/W can also be calculated, as sum-J Cereb Blood Flow Metab, Vol. 8, Suppl. 1, 1988 ing that 12% of whole blood is hemoglobin: B:W = 0.12(V/W) + (0.042)(41) + 0.838(W/W) = 3.2. Then, V/W = 5.3.
Inserting V/W = 5.3 into the left side of the equa tion shows that 20% of the lipophilic compound is carried in hemoglobin, 53% by the plasma proteins (including lipoproteins and chylomicra), and the re maining 27% by the water phases in the red blood cell and in the plasma.
